We investigate theoretically the near-field dynamics of the scattering of a surface-plasmon polariton (SPP) pulse impinging normally on a rectangular groove on an otherwise planar metal surface. Our formulation is based on solving the reduced Rayleigh equation (derived through the use of an impedance boundary condition) for every component of the spectral decomposition of the incoming SPP pulse. Numerical calculations are carried out of the time dependence of the near-field resonant scattering effects produced at the rectangular groove. The scattering process is tracked through the (time-resolved) repartition of the incoming SPP electromagnetic energy into reflected and transmitted SPP pulses, and into pulsed scattered light. Furthermore, we directly show evidence of the excitation of single resonances, as manifested by the concentration of electric field intensity within the groove, and its subsequent leakage, over the resonance lifetime. The near-field formation of oscillations caused by the interference between two adjacent resonances simultaneously excited is also considered.
Introduction
There have been several theoretical studies of the scattering of surface plasmon polaritons by isolated defects of various types on an otherwise planar metal surface [1, 2, 3, 4, 5, 6, 7, 8] , as well as several experimental studies of such scattering processes [2, 3, 9, 10, 11, 12, 13, 14, 15] . In all of this work continuous wave excitation of the incident surface plasmon polariton (SPP) was assumed, i.e. the incident SPP was assumed to be monochromatic. This precluded the observation of any dynamic effects associated with these scattering processes, such as delay times associated with the resonant scattering of a SPP pulse from a localized surface defect. Recent experimental time-domain studies on the transmission of pulsed light through small apertures [16] , and on SPP transport in a two-dimensional surface plasmon polaritonic crystal [17] have been reported, demonstrating the feasibility of such measurements in contexts where SPPs play a dominant role. On the theoretical side, the dynamics of the resonant scattering of SPP pulses by isolated nanoscale defects were investigated through calculations of the time dependence of the reflected and transmitted SPPs, and of the angular distribution of the intensity of the scattered light [18] . The resonant nature of the scattering was manifested through the exponential tails of the scattered SPPs, and by the delay time of the transmitted SPP pulse.
In this paper we investigate theoretically the near-field dynamics of the scattering of a SPP pulse incident normally on a rectangular groove on an otherwise planar metal surface. The choice of a rectangular groove instead of the Gaussian groove studied in [18] is due to the fact that a rectangular groove possesses electromagnetic resonances that are spectrally denser and narrower, i.e. have longer lifetimes, than the resonances supported by a Gaussian groove of a similar size or even deeper. However, for purposes of comparison we also present results for the near electric field intensity close to the defect, calculated for the Gaussian groove studied in [18] . We calculate the time dependence of the SPP pulses reflected from and transmitted through the rectangular groove, together with the time dependence of the field scattered into the vacuum above the metal surface. We are particularly interested in these time dependences when the central frequency of the incident SPP pulse is close to the frequency of one of the resonances supported by the groove, or close to the frequencies of a pair of spectrally close resonances. We also calculate the electric near-field intensity close to the rectangular groove under resonance conditions. These results are obtained from a numerical solution of the reduced Rayleigh equation for the single nonzero component of the magnetic vector in the vacuum region, derived through the use of an impedance boundary condition, for each component in the spectral decomposition of the incident SPP pulse. They enable the frequencies of the resonances studied to be determined, together with their lifetimes, among other features of the time dependence of the scattering of SPP pulses from a surface profile line defect. Although our analysis is restricted to one-dimensional defects, we emphasize that many of the resulting dynamical effects can be qualitatively extrapolated to two-dimensional defects. The outline of this paper is as follows. In Section 2 we formulate the problem of the scattering of a SPP pulse by a surface defect and describe how it is solved. In Section 3 this formulation is applied to the scattering of the pulse from a rectangular groove when the central frequency of the pulse is close to the frequency of one of the resonances supported by the groove. The scattering from the same rectangular groove of a pulse with a lower frequency and larger spectral width that simultaneously excites two spectrally close resonances supported by the groove is also investigated in this section. For the sake of comparison, in Section 4 the time dependence of the near-field intensity for the resonant scattering of SPP pulse by a Gaussian groove with parameters corresponding to the resonance studied in [18] is calculated. The conclusions drawn from our calculations are presented in Section 5. The scattering geometry is depicted in Fig. 1 . A pulsed SPP propagating on a planar vacuum- silver interface (x 3 = 0, the semi-infinite metal occupying the lower half-space) in the positive x 1 direction impinges from the negative x 1 axis on a line defect characterized by its profile function x 3 = f (x 1 ) (constant along the x 2 axis) and located at the origin. The incident ppolarized SPP pulse is characterized by its only non-zero component of the magnetic field in vacuum,
with a Gaussian spectral amplitude F(ω). k(ω) and β 0 (ω) are the SPP wave vector components [19] ; since we make use of the impedance boundary condition on a plane [20] in the theoretical formulation of this problem, these components are given by:
where ε(ω) is the metal dielectric function. The time-dependent scattered field in the vacuum half-space can be written in the form of a Rayleigh (plane wave) expansion:
, and R(q, ω) the scattering amplitude for a monochromatic wave of frequency ω. It is shown in Ref. [7] , upon imposing the impedance boundary condition on a plane, that the scattering amplitude can be written in the form
where G 0 (q, ω) is the Green's function of the SPP on the unperturbed surface
where the matrix T (q, ω) satisfies the equation
and the scattering potential V (q|p) is connected to the surface impedance s(x 1 ) through
At a sufficiently large distance from the defect on the interface, the resulting (incident plus scattered) magnetic field, Eqs. (2) and (4), can be written in the form of reflected and transmitted SPP pulses: where ρ(ω) and τ(ω) are, respectively, the monochromatic SPP reflection and transmission amplitudes [7] :
with k R (ω) denoting the real part of k(ω).
The time-dependent field scattered into the far field in the vacuum region can be calculated from Eq. (4) with (x 1 , x 3 ) ≡ (r cos θ , r sin θ ) (where θ is the scattering angle) in the limit that r λ by means of the method of stationary phase. The resulting expression has the form of propagating pulses of outgoing cylindrical waves:
from which the following time-dependent angular distribution of the scattered intensity is defined: The numerical calculations are based on solving the reduced Rayleigh equation (7), as detailed in Ref. [7] , for each spectral component of the incident SPP pulse. Then the corresponding Fourier transforms yield the reflected and transmitted SPP pulses, Eqs. (9) and (10), and also the time dependence of the scattered far field, Eqs. (13) and (14). The calculations of the time evolution of the near field intensity are carried out on the basis of the electric field derived (through the ∇ × H Maxwell equation) from the (incident plus scattered) magnetic field, Eqs. (2) and (4) . In what follows, the metal substrate is assumed to be silver, its dielectric function given by Drude's formula ε(ω) = 1 − ω 2 p /ω 2 , with λ p ≡ 2πc/ω p = 157 nm. It is well known that for frequencies in the visible and near IR below the onset of the strong ohmic losses associated with interband transitions (at λ ∼ 400 nm for Ag), Drude's free-electron approximation correctly describes the metal response. In addition, we neglect the absorptive contribution to Drude's formula, since the corresponding SPP inelastic mean free path abs is much larger than the defect size (e.g. abs ∼ 24 µm for Ag at λ = 650 nm); thus no significant effects are expected in the scattering process [5] other than dissipative losses in the SPP propagation. It has been shown that Gaussian grooves, unlike ridges, exhibit resonances that can be probed in the far field through pulsed SPP scattering [18] . However, for the near field calculations shown below, we use the surface defect impedance in the form of a rectangular groove of halfwidth L and depth |h|,
Rectangular groove
where 
, but is still roughly attributable to the transmission peaks in Fig. 2 . 
Single resonance
We now calculate the time dependence of the electric near-field intensity close to the defect at resonant conditions. Thus we consider an incident SPP pulse with ω 0 /ω p = 0.275 (λ 0 =571 nm) and spectral width ∆ω/ω 0 = 0.02 (FWHM∼ 60 fs) as shown in Fig. 2 , where it is clearly seen that the pulse spectral envelope covers (only) the resonance at ω 0 /ω p = 0.275. Dynamic near-field maps [22] are presented in the movie of Fig. 3 in a logarithmic scale. At negative times, only the evanescent field of the approaching SPP pulse located to the left of the defect is observed. At t = 0 (the peak of the incoming SPP pulse right at the center of the defect), the signatures of the scattering process appear in several ways: a reflected SPP that interferes with the incoming pulse and yields the observed fringes to the left of the defect; propagating waves that are scattered into the vacuum with a characteristic angular pattern (discussed below); and the evanescent field of the transmitted SPP seen to the right of the defect. These signatures differ from one defect (or SPP central frequency) to another, revealing the peculiarities of the scattering process for each case. At a certain positive time, the central parts of the reflected and transmitted SPP, and also of the scattered light, are displaced towards their corresponding propagation directions. Finally, all of them should be out of the range of the maps at t > x max /v SPP [where the SPP group velocity is given from Eq. a consequence of the excitation of the resonance in the rectangular groove (see Fig. 2 ), EM energy is stored in the defect that leaks out, even long after the SPP incoming pulse is gone, in the form of reflected and transmitted SPP (the reflected SPP is weak), and scattered light, with typical decay times given by the resonance lifetime; as discussed below, the latter must be longer than the SPP pulse width for this resonant leakage to be observable. For the sake of comparison, we show in the movie of Fig. 4 the dynamic near-field maps for a rectangular ridge with identical parameters (except that h > 0). Although the scattering process at times t ≤ (∆ω) −1 is qualitatively similar to that in Fig. 3 (of course, with a different energy balance for the outgoing channels), no resonance is excited at the defect, however. Thus no particular features are observed in the near electric field intensity at times after the central lobes of the reflected and transmitted SPP and of the scattered light leave the scene.
The corresponding reflected and transmitted SPP pulses at a distance d = 400 (2πc/ω 0 ) from the defect are shown in Fig. 5 for both the rectangular groove and ridge; Also included is the time-dependence of the scattered light amplitude r 1/2 | H s | at the same distance and given scattering angle θ = θ max (at which the corresponding angular distribution of scattered power is maximum). In the case of the rectangular groove at resonance, Fig. 5(a) , the negative exponential tails of all the pulses quantitatively confirm the resonant scattering process described in the movie of Fig. 3 . By fitting the tails to exp(−tΓ), with linewidth Γ/ω 0 = 8.7 · 10 −3 ± 10 −5 , the resonance lifetime is obtained (time decay Γ −1 ≈ 35 fs). This value is in fairly good agreement with the resonance HWHM as inferred from T SPP (ω). The resonance life time can be also probed through the delay time of the transmitted SPP with respect to the freely propagating SPP, more accurately determined by calculating the cross-correlation with longer pulses [18] .
In addition to the resonant tails, there are other interesting features in Fig. 5(a) exhibiting the complex, highly dispersive response of the rectangular groove. The transmitted SPP pulse is slightly distorted but shows a fairly large, Gaussian central lobe at nearly the time determined by the group velocity of the SPP, namely,
The reflected SPP and light scattered pulses are highly distorted, and present two lobes (advanced and retarded) stemming from the dip of R SPP (ω) and S(ω) at ω/ω p = 0.275 [see Fig. 2(b) ]. On the other hand, the response of the rectangular ridge, see Fig. 5(b) , is much simpler, as expected from the fairly dispersion-less R SPP (ω), T SPP (ω), and S(ω) in Fig. 2 , and in agreement with the movie of Fig. 3 . All the outgoing pulses preserve the Gaussian shape of the incoming SPP pulse, rescaled by the corresponding coefficients, and with central lobes occurring at the expected times given either by the SPP group velocity (for the reflected and transmitted SPP) or by the speed of light (for the scattered light). Similar features are in turn observed in the time dependence of the entire angular distribution of the scattered light, I(θ ,t). For the rectangular groove at resonance [see Fig. 6(a) ], the entire angular distribution, which consists of a diffraction-like fringe pattern, is distorted along its time evolution; moreover, such distortion differs slightly from one scattering angle to another, thus leading to qualitative changes in the angular distribution. In contrast, the fringe pattern associated with the rectangular ridge [see Fig. 6(b) ] evolves uniformly in time according to the Gaussian pulse envelope, as expected.
Two resonances
An interesting phenomenon, similar to Rabi oscillations, takes place when the incoming SPP simultaneously excites two spectrally close resonances. This is shown in the movie of To quantify the process properly, the time dependence of the magnetic field amplitude of the outgoing pulses is shown in Fig. 8 . The Rabi-like oscillations for the reflected and transmitted SPP pulses, and for the scattered light at θ max , are neatly observed superimposed on negative 
Gaussian groove
For the sake of completeness, and in order to make a comparison with results for grooves of different shape, we present in the movie of Fig. 9 the time dependence of the near field intensity for the resonant scattering of a SPP pulse by a Gaussian groove with parameters corresponding to the resonance studied in Ref.
[18] through far field scattering. Qualitatively, the near field intensity behaves as for the single resonance, rectangular groove shown above. Nonetheless, there are some quantitative differences that should be emphasized, which are easily understood in light of the corresponding spectral response of the grooves (see Fig. 2 above and Fig. 1 in Ref.
[18]). First, for the Gaussian groove nearly total SPP transmission is observed (negligible SPP reflection and scattered light), whereas a significantly larger percentage of the incoming SPP energy is reflected and scattered (as light), at the expense of lower SPP transmission (though still very large) for the rectangular groove. Second, the Gaussian groove resonance exhibits smaller EM energy concentrations during a substantially shorter lifetime. This is an obvious consequence of the lower-Q value of the excited mode of the Gaussian groove as compared to that of the rectangular groove (at close frequencies), despite being deeper and narrower, revealing the critical role played by the shape of the groove. by means of an impedance boundary condition, for every spectral component of the incoming pulse, which enables us to study the dynamics of the scattering of a pulsed-SPP by a surface profile line defect, both in the far field and in the near field. This formulation has been exploited to investigate the time dependence of the near-field, resonant scattering effects produced at a rectangular groove. The scattering process is tracked through the (time-resolved) repartition of the incoming SPP EM energy into reflected and transmitted SPP pulses, and into pulsed, scattered light. Furthermore, we directly show evidence of the excitation of single resonances, as manifested by the concentration of electric field intensity within the groove during the resonance lifetime and long after the incoming SPP pulse is gone (provided that the pulse width is sufficiently shorter than this lifetime); and then by the subsequent leakage of electric field intensity from the groove, on a time scale also controlled by the resonance lifetime, leading in the far field to exponential tails of the reflected and transmitted SPP pulses, and also of the time dependence of the angular distribution of scattered light. Simultaneous excitation of two resonances is also considered, exhibiting the near-field formation of Rabi-like oscillations. Interestingly, our formulation can be straightforwardly employed to study the near-field (and far-field) dynamics for a finite number of line defects, arbitrarily distributed, which is of much interest in SPP NanoOptics [24] . Extensions to oblique incidence and 2D defects are underway.
Conclusions

